Abstract Trehalose-6-phosphate (T6P) is an intermediate in the plant metabolic pathway that results in trehalose production. T6P has been shown to inhibit the sucrose nonfermenting-1-related protein kinase 1, which is a major regulator of metabolism. The quantitation of T6P has proven difficult due to the complexity of the plant matrix and the low abundance of T6P in plant tissues. The aim of this work was to develop a quantitation method for T6P present in Arabidopsis tissues, with capillary electrophoresis (CE) coupled to electrospray ionization-mass spectrometry (MS) with a sheath liquid (SL) interface. The CE-MS method was first optimized with respect to T6P signal intensity and separation of isomers by studying the composition of the background electrolyte (BGE) and SL. The use of triethylamine (TEA) in the BGE was favorable, providing separation of T6P from sucrose-6-phosphate and minimizing ionization suppression. Replacing ammonium acetate with TEA enhanced T6P signal intensities more than four times. The optimized method allowed quantification of T6P in plant extracts with good linearity (r 2 >0.99) within a biologically relevant concentration range. The limit of quantification was 80 nM in Arabidopsis extracts, corresponding to 33 pmol/g plant fresh weight. The CE-MS method was applied to the determination of T6P in seedlings from wild type (WT) Arabidopsis and mutants lacking the trehalase AtTRE1, tre1-1, challenged with trehalose or sorbitol. T6P accumulation in tre1-1 plants grown on sorbitol was about twice the level of T6P found in WT. CE-MS is shown to be a fast and reliable technique to analyze phosphodisaccharides for seedling extracts. The low sample volume requirement of CE and its direct MS coupling makes it an attractive alternative for anion-exchange liquid chromatography-MS.
Introduction
Trehalose is a non-reducing sugar consisting of two alpha-1,1-linked glucose units. In most plants, trehalose and its precursor trehalose-6-phosphate (T6P) are present at trace levels, but it is interesting to note that in Arabidopsis, 22 genes are attributed to the trehalose synthesis pathway, including one gene encoding for a trehalase which converts trehalose into two glucose units [1] . Recently, T6P has been shown to inhibit the activity of sucrose nonfermenting-1-related protein kinase 1 (SnRK1) [2] . Other phosphorylated sugars did not show the same effect on SnRK1, highlighting T6P uniqueness. SnRK1 is a key energy and carbon metabolism regulator in plants [3] and is homologous to the mammalian AMP-activated protein kinase. SnRK1 inhibition and the link between trehalose and plant hormones position T6P centrally in the sensing of carbon availability in relation to the regulation of growth [4] . Therefore, quantifying T6P in plant extracts represents an important step towards unraveling the carbon regulatory pathway. The difficulty presented by the analysis of phosphodisaccharides in plant extracts is their low concentration in a complex matrix and the occurrence of isomeric compounds. For instance, the only structural difference between trehalose and sucrose-two non-reducing disaccharides present in plants-is the spatial distribution of the hydroxyl groups on the carbohydrate moieties.
The high polarity of phosphosaccharides leads to low retention in reversed phase (RP) liquid chromatography (LC). Therefore, anion-exchange chromatography (AEC) has been widely used for separation of (phospho-) carbohydrates using pulse amperometry (PAD) or mass spectrometry (MS) for detection [5] [6] [7] [8] [9] [10] . AEC employs the negative charges and the hydrophilicity of the phosphocarbohydrates at high pH to separate the numerous species present in plant samples or other matrices [7, 11] . PAD in principle represents a very sensitive way to detect carbohydrates with limits of detection down to 200 nM. However, the selectivity of PAD is limited, hindering reliable quantitation in complex matrices, such as plant extracts. The selectivity of MS offers a large advantage providing the possibility of highly specific detection. Presently, the use of MS as a detection technique for AEC still is marginal in comparison to PAD due to the involatile salts-containing mobile phases commonly used in AEC. To allow efficient AEC-MS, the large quantities of involatile ions present in the eluent need to be removed on-line prior to MS detection using a special desalting device [7, 9] . This membrane desalter exchanges sodium ions with hydrogen ions generated by the electrolysis of water and prevents the loss of analytes. This way, limits of detection of 40 nM could be achieved for T6P analysis in plant extracts. However, regular regeneration and cleaning of the desalter are necessary for stable performance over a prolonged period of time. Furthermore, the lifetime of this module is limited.
Capillary electrophoresis (CE) is particularly suited for the separation of highly polar and charged compounds such as low molecular weight metabolites. CE separation is based on charge-to-size differences and commonly provides very narrow peaks and thus efficient separations. CE is a miniaturized technique requiring only minute amounts of separation buffers (i.e., background electrolytes (BGEs)) and samples. The flow rate in CE allows direct coupling with MS, and when volatile BGEs are used, ion suppression can be effectively avoided. Moreover, for molecules which do not absorb UV light, such as non-reducing carbohydrate and their phosphorylated analogues, MS represents a convenient, selective, and sensitive detection method. CE has shown good potential for metabolic profiling in various matrices including plant extracts [12] [13] [14] [15] [16] [17] [18] [19] . Phosphorylated carbohydrates have been analyzed using CE-MS [12] [13] [14] 20] , but so far, only Harada et al. [12] have reported T6P quantitation in a anionic metabolomic study of cell culture of Catharanthus roseus by CE-MS/ MS using a triple-quadrupole mass spectrometer and multiple reaction monitoring (MRM) for sensitive detection. They used a BGE of 50 mM ammonium acetate (pH 9), in combination with a pre-coated capillary, and needed to apply pressure on the capillary to allow CE-MS. A limit of detection of 0.16 μM was reported for T6P; however, no attention was given to the separation of T6P from sucrose-6-phosphate (S6P), a known isomer commonly present in plants [11] . We set out to develop a CE-MS method capable of separating phosphorylated disaccharide isomers in plant matrix and studied its applicability for the analysis of T6P in extracts from Arabidopsis seedlings. CE-MS coupling was accomplished using a coaxial sheath liquid (SL) interface and electrospray ionization (ESI) in negative ion mode. Various BGE compositions were evaluated based on T6P MS response as well as separation potential for three phosphodisaccharide isomers viz.T6P, S6P, and lactose-1-phosphate (L1P). Furthermore, the SL composition was optimized to provide maximum T6P signals. CE-MS detection of T6P in plant matrix was investigated, and the suitability of the method was demonstrated by the analysis of T6P accumulation in Arabidopsis plants lacking the only annotated trehalase gene AtTRE1.
Experimental

Reagents
The half-strength Murashige and Skoog growth medium for plants was obtained from Duchefa (Haarlem, The Netherlands). Acetonitrile (LC-MS Chromasolv), acetic acid (puriss. LC-MS), ammonium acetate (≥99.99%), ammonium hydroxide solution (25% LC-MS grade), chloroform (Chromasolv), diethylamine (≥99.5%), formic acid (LC-MS grade), isopropanol (LC-MS Chromasolv), lactose-1-phosphate barium salt, methanol (LC-MS Chromasolv), morpholine (redistilled, 99.5%), piperidine (purity >98%), sodium hydroxide (50% in water), sucrose-6-phosphate di-sodium (>98%), T6P di-sodium (>95%), and triethylamine (TEA; ≥99%) were purchased from Sigma-Aldrich (Zwijndrecht, Netherlands). Acetone (99.5% HPLC grade) was acquired from Alpha Aesar (Ward Hill, MA, USA). Highly purified water obtained with a Milli-Q system (Millipore, Bedford, MA, USA) was used during this work.
Plant material
Seed from the line Salk_147073.21.10.x was ordered at NASC (European Arabidopsis Stock Centre), and then grown on soil for reproduction and genetic analyses. Polymerase chain reaction (PCR) analyses on DNA from the individual plants to confirm homozygous knockout in AtTRE1 were performed by using two nested primer pairs spanning the insertion: ForwardAtTRE1LP1 5′-TGAATTG GATCTCCTTATGGC-3′, ReverseAtTRE1RP1 5′-AGT GACGAGTTTGGTTGTTGC-3′ and ForwardAtTRE1LP2 5′-TGTGATTCCATCTCTTCATCC-3′, ReverseAtTRE1RP2 5′-GTGTCTGTGTCCGAGTCCAAC-3′. The insertion was confirmed by sequencing the flanking region amplified by PCR using one primer from the T-DNA LbB1 5′-GCGTGGACCGCTTGCTGAACT-3′ and the primer AtTRE1RP1 5′-AGTGACGAGTTTGGTTGTTGC-3′. Quantitative reverse transcription-PCR of Attre1 mRNA revealed that Attre1 gene expression was below reliable detection in seedlings (Q-PCR primers: 5′-AGCGAGA GAGAAAGCGTTTC-3′ and 5′-CCTTCCATGTCTCA GATTC-3′, expression was calculated relative to AtPP2A (At1g10430) regulatory subunit a housekeeping gene in Arabidopsis [21] ). Together with the increased seedling sensitivity to trehalose in the medium, it was concluded that the line was a knockout for AtTRE1 and will be henceforth called tre1-1.
Seed from Arabidopsis wild type (WT) accession Col.0 and tre1-1 mutants were sterilized using chlorine [22] . Seedlings were grown in 10 mL of liquid half strength MS medium, pH 5.7 (Duchefa) at 22°C in a growth cabinet (Snijders Scientific, Tilburg, The Netherlands) under constant fluorescent light (100 μmol m −2 s −1 ) with continuous rotary shaking (180 rpm). After 7 days, seedlings were treated for 4 h with 100 mM-final concentration-of either sorbitol or trehalose. Sorbitol was used here as an osmotic control. Seedlings were harvested on a sieve, rapidly rinsed, dry-blotted, and weighed to 50 mg fresh weight, then flash-frozen in liquid nitrogen and stored at −80°C before further use.
Sample preparation
Plant samples were prepared as described by Delatte et al. [7] . Briefly, the protocol was as follows. The samples were frozen in liquid nitrogen and stored at −80°C. Frozen samples were ground in liquid nitrogen into a fine powder and extracted using a liquid/liquid extraction (LLE) procedure. The LLE was performed by dispersing the seedling powder with 500 μL of chloroform/acetonitrile (3:7, v/v). The mixture was kept at −20°C and regularly shaken for 2 h. Phosphorylated sugars were extracted twice with 400 μL water at 4°C from the organic phase by vigorous shaking for 30 s followed by 5 min of centrifugation at maximum speed. The aqueous supernatants were pooled and then evaporated to dryness using a centrifugal vacuum dryer at room temperature. The dried samples were reconstituted in water prior to solid-phase extraction (SPE), which was performed with Oasis MAX cartridges (Waters, Milford, MA, USA). Prior to loading, the samples were diluted ten times with water. The SPE column was washed with 1 mL of methanol and subsequently with 1 mL of water. T6P was desorbed with 1 mL of 2% formic acid (v/v) in methanol, and the eluate was dried under nitrogen. The dried samples were stored at −80°C until analysis. Prior to analysis, the extracts were reconstituted in 200 μL water. T6P recoveries with this protocol were above 80% [7] . At the end of the day, the capillary was washed with BGE for 5 min, acetic acid (10%; v/v), 0.5 M NaOH for 2 min, and finally, Milli-Q water for 10 min, all steps performed using a pressure of 40 psi. The detector was a MicroTOF-QII mass spectrometer equipped with ESI source (Bruker-Daltonics, Bremen, Germany) and a SL electrospray interface (Agilent Technologies, Amstelveen, The Netherlands). Nitrogen was used as drying gas at 170°C and a flow-rate of 4 L/min. Nitrogen sheath gas for ESI was supplied at 4 psi. The SL was delivered to the ESI interface by a LC 10ADvp (Shimadzu, Kyoto, Japan) pump equipped with a 1:100 flow splitter (Agilent Technologies) at 3 μL/min. ESI was operated in negative mode with an ESI voltage of 3.7 kV. The m/z range scanned was from 50 to 500. Electropherograms were constructed using DataAnalysis version 4.0 (BrukerDaltonics) with extracted ion chromatogram function selecting m/z421.15±0.02. Peak area and signal-to-noise ratio were obtained with DataAnalysis version 4.0 (Bruker-Daltonics).
Method validation and T6P quantitation
The linearity of the method was checked by measuring six concentrations of T6P between 80 nM and 80 μM. These measurements were performed using water and spiked matrix. The T6P peak was identified as described in Delatte et al. [7] . Endogenous T6P level was quantified by averaging data from six analyses of sorbitol-grown Arabidopsis extracts; subsequently, this level was subtracted from measurements of spiked matrix. The lower limit of quantification (LOQ) was determined by repeatedly (n=9) analyzing decreasing concentrations of T6P by CE-MS. The lowest concentration that still had an RSD below 10% was denoted as LOQ. Accuracy of the CE-MS method was determined with matrix samples, spiked before injection, with three T6P concentrations (100 nM, 4 μM, and 6 μM). The reproducibility of the method was assessed by injecting a 100-nM T6P spike sample over the course of 3 days of measurements. The quantitation of T6P in plant extracts was inferred from the calibration curve. Five biological replicates were analyzed for each genotype and growth condition.
Results and discussion
Optimization of BGE
Plants hold an array of phosphosaccharides in their metabolism. Separation is crucial to be able to reliably differentiate and quantitate specific sugar phosphates present in plant samples. Increase the CE selectivity among phosphorylated carbohydrates, and their isomers in particular, it is important to induce extra charge on these molecules. Therefore, BGEs of high pH were selected for CE analysis. The low abundance of these metabolites in plant extracts also requires sensitive detection.
We first assessed the impact of BGEs on the MS response of T6P by infusing solutions of T6P (3 mM) in various BGEs. Infusion was performed at 50 psi, and the SL was water-isopropanol-ammonium hydroxide (50:50:1, v/v/v). The T6P signal was compared with the response obtained for T6P in water. The BGEs studied were 50 mM TEA (pH 11.3), 50 mM TEA (pH 11.0, adjusted with acetic acid), 50 mM TEA (pH 11.0, adjusted with formic acid), 30 mM morpholine (pH 8.6), and 50 mM ammonium acetate (pH 9.0, adjusted with ammonium hydroxide). The strongest signal reduction observed for T6P relative to water was with a BGE of 50 mM ammonium acetate (pH 9.0; Fig. 1 ). Remarkably, ammonium acetate is widely used in CE-MS for metabolomic purposes, including analysis of phosphorylated carbohydrates [15] [16] [17] [23] [24] [25] [26] [27] [28] [29] [30] [31] . In our study, this BGE generated up to 80% of signal reduction. The highest signal for T6P was obtained with TEA as a BGE. Diethylamine (50 mM, pH 11.0) was also tested as a BGE showing performances similar to TEA, except for a worse reproducibility in response and migration time. When formic or acetic acid was used to lower the pH of the TEA BGE, the signal intensity was reduced. A BGE of 30 mM morpholine also suppressed the T6P signal, but not as strongly as ammonium acetate did. Based on these results, we conclude that acetate and formate may adversely affect T6P ionization. Furthermore, the choice of the positive co-ion of the BGE seems to be important in order to achieve optimum T6P signals in negative mode ESI.
To evaluate the separation power of the CE system, we used a test mixture of the isomeric phosphodisaccharides L1P, S6P, and T6P during our method development. BGEs of 30 mM morpholine (pH 8.5), 50 mM ammonium acetate (pH 9.0), 50 mM piperidine (pH 11.5), and 50 mM TEA (pH 11.3) were tested. CE-MS using morpholine as BGE provided the shortest migration time, but no separation was obtained for the three test isomers (Fig. 2a) . Using 50 mM ammonium acetate as BGE did not improve the separation (Fig. 2b) . Using 50 mM piperidine as BGE, S6P was separated from T6P and L1P, which co-migrated (Fig. 2c) . With 50 mM TEA, a baseline separation of the three isomers was obtained (Fig. 2d) , also providing the highest MS response from the isomers when compared to the other BGEs. Based on the separation of the test isomers and the obtained signal intensity, TEA was selected as optimal BGE for CE-MS.
We further studied the influence of the TEA concentration in the BGE on resolution (Fig. 3) . Concentrations from 5 to 50 mM of TEA were used. From the results, it was clear that a minimum concentration of 50 mM was required to induce the separation of the three isomers. Increasing the concentration of TEA in the BGE induced slower migration, providing a better resolution, but it also decreased the peak height of the isomers present in the test mixture. In an attempt to further improve the separation of the phosphodisaccharides present in our test mixture, we also studied the effect of the addition of organic solvents to the BGE. Four solvents were selected: acetone, acetonitrile, isopropanol, and methanol. Each of these compounds was introduced to the 50-mM TEA BGE in amounts ranging from 5% to 40% (v/v), and CE-MS of the test mixture was performed. Acetone, isopropanol, and methanol did not improve the separation, but significantly increased the migration times and decreased the peak heights of the analytes. Addition of 5% (v/v) acetonitrile to the BGE caused an average increase in peak height by a factor of 1.2 while maintaining separation. Addition of 10% (v/v) acetonitrile to the BGE did not provide higher signals nor better separation when compared with 5%. The presence of organic solvent in the BGE reduced its conductivity. A separation voltage of 30 kV caused a current of ca. 3 μA only, thus minimizing joule-heating effects. The average electroosmotic mobility under these conditions was 5.38× 10 −8 m 2 /Vs. Based on these results, a BGE of 50 mM TEA (pH 11.3) with 5% (v/v) acetonitrile was selected for the analysis of T6P.
Sheath liquid
The SL used for CE-MS replaces the terminating BGE vial of a classical CE system. It allows the electrical connection necessary for CE separation and for maintaining a constant electrospray. Furthermore, the constitution of the SL may enhance the formation of analyte ions during ESI. Normally, the SL is made up of organic solvents and water in various ratios plus an additive providing conductivity and the adequate pH for ionization. Firstly, we compared formic acid, acetic acid, ammonium acetate, DEA, and TEA as ionization additives for the SL. For each additive tested, 0.1% (v/v) was added to water-isopropanol 50:50 (v/v). The SL was tested by monitoring the signal of a solution of 0.8 μM T6P, which was infused at 50 psi. The SL flow rate was set at 3 μL/min. Formic and acetic acid added in the SL did not improve the signal obtained for T6P when compared with ammonium hydroxide as SL additive. Ammonium acetate produced a signal intensity for T6P that was about 30% lower than the one obtained with ammonium hydroxide. However, addition of DEA and TEA to the SL enhanced the T6P signal by a factor 1.8 with respect to ammonium hydroxide. These findings were consistent with the results observed during BGE optimization. Increase of the TEA and DEA concentrations in the SL up to 0.5% did not further enhance the T6P signal, whereas with concentrations below 0.1%, lower signals were obtained. A concentration of 0.1% TEA was selected for the SL.
As organic solvent component of the SL, methanol, isopropanol, and acetonitrile were tested at concentrations of 25%, 50%, and 75% (v/v). A concentration of 50% (v/v) isopropanol appeared to provide optimal ionization conditions for T6P. At equal concentration, methanol was less effective than isopropanol to enhance T6P signal. SLs with acetonitrile provided a T6P signal that was about 50% lower then the average signal obtained with SLs containing alcohols, although acetonitrile was System performance CE-MS of T6P was conducted with a BGE of 50 mM TEA (pH 11.3) containing 5% (v/v) acetonitrile and a SL of water-isopropanol-TEA (50:50:0.1, v/v/v). To verify that we could detect T6P and separate it from S6P at endogenous levels, we analyzed WT Arabidopsis seedling from 7-day-old seedlings grown in liquid medium, after a 4-h treatment with sorbitol (Fig. 4) . We obtained good separation for peaks corresponding to T6P and S6P. The absence of T6P in Arabidopsis is embryo lethal [32] ; thus, it is impossible to obtain seedling extract without endogenous levels of T6P. Therefore, for quantitative purposes, endogenous levels of T6P were obtained by averaging the analysis of three blank sorbitol-grown seedling extracts, providing an endogenous T6P level which was subtracted from levels found in spiked matrix samples. The performance of the system was tested by analyzing T6P at various concentrations (80 nM-8 μM) in water and in Arabidopsis seedling extracts by CE-MS. From these measurements, extracted ion electropherograms were generated, and calibration curves were constructed by plotting the T6P peak area versus T6P concentrations (Table 1 ). An excellent linearity of the CE-MS method for biologically relevant concentrations in plants was observed. The plots obtained for the water standards and spiked matrix were very similar, with less than 3% deviation between the slopes. This means that interferences of the T6P signal by matrix compounds were minimal, indicating proper separation by CE. The accuracy of the CE-MS method was investigated by analyzing (n=3) T6P spiked seedling extracts (100 nM, 4 μM, and 6 μM); the T6P concentration present in these spiked samples was inferred with the calibration curve. These results were then compared to the known amounts added to the extracts yielding accuracies of 92%, 96%, and 102%, respectively, for the CE-MS method. The limit of quantitation for T6P in water standards was determined to be 80 nM (n=9; peak area RSD, <10%). The lowest T6P concentration measured in WT seedlings grown on sorbitol was measured at 93 nM, T6P. The obtained concentration of T6P was then converted in nanomoles per gram fresh weight (g FW) using the weighed sample mass and taking into account the various extraction steps, resulting in a limit of quantification of 33 pmol/g FW for Arabidopsis seedling extracts. This limit of quantitation in plant extracts is similar to results obtained with AEC-MS and lower than for AEC-PAD [7] . It should be noted that the sample volumes injected in AEC-MS and AEC-PAD are more than 500 times larger, indicating an excellent sensitivity in terms of absolute detected T6P amounts for the present CE-MS method. The obtained limit of detection for T6P in plant extracts is also lower than reported for CE-MS/MS applying MRM with a triple quadrupole mass spectrometer [12] . As the latter detection principle is more sensitive than TOF-MS, the lower limit of detection for T6P should be attributed to the use of TEA in the BGE instead of ammonium acetate.
The reproducibility of the CE-MS method was investigated by analysis of a spiked seedling extract (100 nM), injected six times over three consecutive analysis days. Using these results, the RSD for the T6P peak area was below 4% and migration time below 6%. To test if AtTRE1 affects the accumulation of T6P in seedlings, WT and tre1-1 seedlings were analyzed after 4 h treatment with trehalose or sorbitol. Sorbitol was used here as an osmoticum control, to account for the change in osmotic strength in the growth medium. The T6P content from WT and tre1-1 was analyzed using the CE-MS method described above. The injections were randomized and performed over a period of 3 days (Fig. 5) . The WT seedlings treated with sorbitol had a total T6P quantity of less than 0.04 nmol/g of plant fresh weight, whereas for the same treatment, tre1-1 plants had twice as much T6P present. Interestingly, when the two genotypes were challenged with a 4-h treatment of 100 mM trehalose, the total T6P accumulation was not significantly different between the WT and tre1-1. We conclude that AtTRE1 has no effect on T6P accumulation when seedlings are treated with 100 mM trehalose. AtTRE1, however, may have an effect on T6P accumulation in seedlings after osmotic changes in the environment as we measure a doubling of T6P concentration in tre1-1 seedlings compared to WT after treatment with 100 mM sorbitol. Further study of T6P dynamics in tre1-1 over time and in different conditions would provide a better understanding of the role of this enzyme for T6P steady state.
Conclusions
In this paper, we demonstrate that CE-MS can be successfully used for the separation of phosphodisaccharides in plant extracts. Ammonium acetate, which is a popular BGE for metabolomic analysis by CE-MS, was shown to perform poorly for separating T6P from its isomers and for T6P response. In contrast, TEA showed better results for separation and T6P signal intensity. The matrix effect observed for seedling extract was minimal, leading to an accuracy above 90% in the concentration range relevant for in planta T6P quantitation. The linearity (r 2 >0.999) and limit of quantification (80 nM) were also adequate for the application at hand. The method was applied to measure the accumulation of T6P in Arabidopsis seedlings lacking the only trehalase enzyme annotated in the Arabidopsis genome. The tre1-1 seedlings showed a twofold higher T6P level than their corresponding WT after 4 h treatment with 100 mM sorbitol (osmoticum control). CE-MS was shown to be fast and reliable for the separation of phosphodisaccharides present in plants and quantification of T6P. The low sample volume requirement of CE and its direct MS coupling make it an attractive alternative for AEC-MS for T6P analysis in plant extracts.
